Channelrhodopsins (ChRs) are directly light-gated ion channels that function as sensory photoreceptors in flagellated green algae, allowing these algae to identify optimal light conditions for growth. In neuroscience, ChRs constitute the most versatile tools for the light-induced activation of selected cells or cell types with unprecedented precision in time and space. In recent years, many ChR variants have been discovered or engineered, and countless electrical and spectroscopic studies of these ChRs have been carried out, both in host cells and on purified recombinant proteins. With significant support from a high-resolution 3D structure and from molecular dynamics calculations, scientists are now able to develop models that conclusively explain ChR activation and ion conductance on the basis of chromophore isomerization, structural changes, proton transfer reactions, and water rearrangement on timescales ranging from femtoseconds to minutes.
INTRODUCTION

Channelrhodopsins in Their Native Environment
Channelrhodopsins (ChRs) are light-gated cation channels that serve as sensory photoreceptors in motile green algae (47, 48, 68, 72) . In these algae, ChRs are located at the surface of a specialized cellular compartment called the eyespot. This organelle consists of (a) an optical device comprising two or more layers of pigmented granules that function as quarter-wave stack antennae and provide directional sensitivity and (b) a specialized overlying plasma membrane that contains the ChRs and other proteins of the sensory machinery (15, 22) . Upon photon absorption, ChRs mediate fast, proton-and cation-driven inward currents, resulting in plasma membrane depolarization (47, 48) . At low light intensities, the electrical signal is most probably amplified by secondary voltage-gated channels, such as voltage-gated Ca 2+ channels, whereas at high light intensities, the photocurrent is mainly mediated by ChRs directly (30) . The local increase in cytosolic Ca 2+ concentration is transmitted to the flagella base (basal bodies) by an unknown signaling cascade. The directionmodulated signal allows the alga to adjust the plane, frequency, and three-dimensional pattern of its flagellar beating, thereby enabling the alga to exhibit phototactic and photophobic responses (22, 24) .
Channelrhodopsins in Optogenetics
After the initial characterization of ChRs as directly light-gated ion channels in 2002 and 2003 (47, 48) , the unique combination of both photosensor and channel within a single, relatively small protein has drawn attention from not only algae researchers but also a larger scientific community of cell biologists and neuroscientists. Since their initial functional expression in human embryonic kidney (HEK) cells (48) , ChRs have been successfully expressed in a large variety of vertebrate cells to depolarize the plasma membrane following light application. In neurons, ChR-mediated cation currents were shown to be sufficient for eliciting action potentials in a spatiotemporally defined manner (10, 27) . This finding was another milestone in the rapidly developing field of optogenetics. Thus far, ChRs have been applied to induce synaptic plasticity (84) , unravel neuronal connectivity (54) , and manipulate behavior in ChR-expressing animals including worms, flies, chickens, zebrafish, and rodents (1, 11, 37, 46, 65) . Potential clinical applications of ChRs include restoration of vision (9) , repair of hearing impairment (66) , and treatment of neural disorders such as Parkinson's disease (19) .
Channelrhodopsin Variants
The first identified ChRs were two isoforms from Chlamydomonas reinhardtii (ChR1 and ChR2) (47, 48, 68, 72) and the two corresponding ChRs from the colonial alga Volvox carteri (VChR1 and VChR2) (14, 32, 82) . Owing to its superior expression in host cells, ChR2 is currently not only the best-studied ChR but also the most commonly used optogenetic tool for membrane depolarization. Subsequently, a number of ChR genes were discovered in related chlorophycean algae, including Mesostigma viride (MChR), Chlamydomonas augustae (CaChR1), Chlamydomonas yellowstonensis, Dunaliella salina (DChR), Pleodorina starii, Pyramimonas gelidicola, and Platymonas subcordiformis (PsChR) (17, 18, 25, 83) . Very recently, 61 additional ChR homologs were identified from a large genomic screen and were tested for photocurrent properties in selected cell systems (33) . The two ChRs originating from Stigeoclonium helveticum (ShChR) and Chlamydomonas noctigama (CnChR1)-referred to as Chronos and Chrimson, respectively-exhibit highly distinct characteristics (see the sections titled "Color Tuning in Channelrhodopsins" and "Voltage Dependence" for details), rendering them potent candidates for optogenetic applications (33) . Today, sequence comparison in combination with structural modeling facilitates our understanding of the structural and functional dynamics of the different ChRs and enables the design of new ChRs adapted to specific research questions.
CHANNELRHODOPSIN STRUCTURE
ChRs consist of an N-terminal membrane-spanning domain followed by a C-terminal intracellular domain that has been proposed to be relevant for ChR targeting and protein-protein interactions in the alga (43) . The N-terminal module comprises seven transmembrane helices (H1-H7) and a retinal chromophore, and is sufficient for light-gated channel activity (47, 48) . As is already apparent in the low-resolution (6 Å ) structure from electron microscopy, ChR2 forms dimers in which H3 and H4 are located at the dimer interface (44) . High-resolution X-ray crystallography on a ChR1/ChR2 chimera (C1C2) unveiled protomer linkage via three disulfide bridges at the N-terminal extracellular end (31) . This linkage, however, has little or no relevance for ion channel functionality (62) .
Retinal-Binding Pocket and Active Site Complex
As in all microbial rhodopsins, the retinal chromophore is bound to a conserved lysine residue in H7, the corresponding residue to K257 1 in ChR2, via a protonated retinal Schiff base (RSBH + ) 1 Unless otherwise indicated, we use the ChR2 numbering of amino acids throughout this article. linkage (Figure 1a,b) . The charge of the RSBH + is stabilized by a counterion complex comprising two glutamate residues, E123 and E253 [termed counterion-1 (Ci1) and counterion-2 (Ci2) in the remainder of this article] (Figure 1b) . In the C1C2 structure, distances between the RSB nitrogen and the Ci1 and Ci2 (in this case E162 and D292) carboxyl groups are almost equal (3.4 and 3.0 Å , respectively) (31) . Moreover, theoretical calculations of pK a values propose that, in the dark, Ci1 is protonated and Ci2 is deprotonated, suggesting that Ci2 functions as a proton acceptor in C1C2 (31) . The nearest water molecule is more distal (4.4 Å ) than the respective glutamate carboxyl groups are, proposing a direct proton transfer from the RSBH + to Ci2 (31), in clear contrast to the case of bacteriorhodopsin (BR), in which Ci1 and Ci2 are connected to the RSB nitrogen via water 402 (42) . Accordingly, mutation of Ci2 to alanine almost completely abolishes photocurrents, whereas mutation of Ci1 to threonine, alanine, or glutamine in ChR2 results in functional ChRs that are widely used for fast action potential firing in neurons, owing to their accelerated photocycling. These ChR mutants are commonly referred to as channelrhodopsin-ET-accelerated (ChETA) mutants (7, 21) . Recent spectroscopic findings and molecular dynamics (MD) simulations suggest that ChR2 E90 undergoes a side flip in the ChETA mutants, thereby at least partially replacing the Ci1 charge (36) . Another pair of residues that are highly relevant for gating and consecutive photocycle kinetics comprises C128 and D156 of ChR2; these residues are referred to as the DC pair or DC gate (Figure 1b) . Individual mutation of either of these residues causes up to a ten thousand-fold deceleration in channel opening and closing [step-function rhodopsins (SFRs)] (3, 8) , which in turn results in current saturation at much lower light intensities during prolonged illumination and thereby imparts increased operational light sensitivity to host cells (8) . Mutations in both residues completely arrest the photocycle in the conducting state: Channel closing has not been observed for the double mutant (81) . The corresponding residues in BR, T90 and D115, interact with the retinal chromophore and control H3-H4 dynamics during the photocycle (29, 42) . Although evidence for different arrangements of the two residues in ChRs exists, the role of the DC gate in the coupling of retinal isomeric changes to channel gating remains to be elucidated (78) .
ChR2 T159 constitutes another important amino acid of the retinal binding pocket, that is in direct contact with D156 (Figure 1b) . Replacement of this amino acid (T159) with cysteine causes improved retinal binding and a threefold to tenfold increased stationary photocurrent, depending on the host system (7, 57, 74) . In the presence of C159, step-function mutants show only moderately decelerated photocycle kinetics. Accordingly, DC pair mutations do not generate slow step-function rhodopsins in VChR1 and MChR, as both feature a cysteine at the corresponding position (VChR1 C154 and MChR C178, respectively) (57) . T159 operates in conjunction with D156 and S155 to form an OH-cluster (hydrogen-bonding network) along H4 that is crucial for protein dynamics following light excitation of the chromophore (Figure 1b) .
Ion Permeation Pathway
The high-resolution structure of the C1C2 chimera reveals a hydrophilic pore between H1, H2, H3, and H7 that was already previously assumed to serve as the cation permeation pathway in ChRs (31) . Polar and charged residues of H2 that appear with a roughly seven-amino acid periodicity and face toward H3 and H7 are key elements of the pore (77) . In ChR2, these polar residues include E82 (E1), E83 (E2), E90 (E3), K93 (K1), E97 (E4), and E101 (E5) (Figure 1c) . Individual substitutions of E1, E2, E4, or E5 to alanine or glutamine reduce photocurrents by twofold to sixfold, whereas multiple substitutions result in more dramatic current reduction (71, 77) . Consistent with the mutant data, MD simulations detect two preferential sites for Na + accumulation; the first site is located between E4, E5, S52, and Q56 (Figure 1f ) , and the second one is near the hydrophilic cluster composed of E1, E2, H134, H265, and R268 on the cytosolic side (Figure 1d ). Moreover, E1 and E3 are highly conserved among ChRs and constitute key determinants for cation selectivity (see the section titled "Putative Selectivity Filter").
In MD simulations, the hydrophilic pore attracts water from the extracellular bulk phase; this so-called access channel with a diameter of 8 Å is framed by side chains of polar residues including the essential R120 and the polar E4 and E5 (55, 78) . Near the RSBH + , the water distribution is discontinuous, and the channel is blocked by S63, E3, and N258, which are interconnected by several hydrogen bonds (referred to as the central gate, see Figure 1e ) (31, 78 restriction site (referred to as the inner gate, see Figure 1d ) is given by Y70 in combination with the hydrophilic cluster of E1 and E2 and their hydrogen-bonding partners H134 and R268, which are located on H3 and H7, respectively. The hydrogen-bonding network of both gates keeps the channel internally closed, preventing water influx from both the cytoplasmic and extracellular bulk phases. Channel opening and the resulting cation conductance thus require conformational rearrangements at the two gates (gating).
CHANNELRHODOPSIN PHOTOACTIVATION Photocycle Models and Retinal Isomerizations
In microbial rhodopsins, photon absorption triggers retinal isomerization and inititates a sequence of thermal conformational changes that finally reestablish the original dark state (this cyclic process is known as the photocycle; see Figure 2a for ChR2). The electronically excited state of the chromophore is vibrationally inactivated within 150 fs after ChR2 photoexcitation (75) . Following conical intersection and conversion to the electronic ground state (which occur on a 400-fs timescale), vibrational inactivation continues in conjunction with further retinal restructuring, and the early K-like intermediate is reached after 2.7 ps (64, 75) . This early K-product seems either to be identical to or to smoothly fade to (without color shift) the early P500 intermediate previously identified by flash photolysis experiments (15) . Major rearrangements of the protein backbone already occur during the formation of the P500 intermediate (40, 48, 60, 75) and correspond to more red-shifted photointermediates in VChR1 (P600) and CaChR (K-like, ∼P580) (15, 32, 67) . The RSB is then deprotonated, yielding the blue-shifted P390 state in ChR2 (4, 15, 32, 60, 67) . The primary proton acceptor is Ci1 or Ci2, depending on the ChR variant and the external conditions that determine the steric configuration and protonation states of the respective residues (31, 36, 40, 78) . The P390 state is in equilibrium with the P520 state, exhibiting a reprotonated RSB (4, 15, 60) . Residue D156 was proposed to function as the proton donor (40) , but this assumption is challenged by the fact that (a) D156 is not conserved in all ChRs, and (b) the kinetics of the D156 deprotonation does not parallel RSB reprotonation (36) . Whereas there is general consensus about P520 being a conductive state, P390 is formed prior to the opening of the channel but equilibrates with P520, and the involvement of P390 in ion conduction is still under debate (4, 40, 69) . It is conceivable that the retinal conformation is changed again during P390 formation, triggering the rearrangement of the inner gate and final channel gating. Thus, one could define an early P390 state and a late P390 state for ChR; these would be analogous to the M and M states of BR (26) . The late P390 state in equilibrium with P520 could be the first ion conducting state that appears during the ChR photocycle. In ChRs with red-shifted dark states such as VChR1, C1V1, or ReaChR (see the section titled "Color-Tuning in Channelrhodopsins"), the absorption spectra of the dark state and the conducting state (corresponding to P520) almost completely overlap. Photoactivation of these ChRs causes apparent chromophore bleaching without an absorption shift during time-resolved spectroscopy due to lower extinction coefficients of the cis-chromophores (32, 38, 67, 81) . In ChR2, channel closure is accompanied by the transition from the conducting P520 state to the nonconducting P480 and P480 states that biphasically revert to the dark state (4, 59) . Major conformational reorientations occur during dark state recovery on a timescale of several seconds, even in wild-type ChR2 (60) .
Retinal extraction and Raman measurements indicate a mixture of retinal isoforms, even for dark-adapted (DA app ) ChR2 or C128T; the latter exhibits 22-40% 13-cis retinal and 60%-78% all-trans retinal (58, 59, 70) . During continuous illumination, the ratio of 13-cis retinal to alltrans retinal increases, and minor amounts of 11-cis and 9-cis isoforms appear. Accordingly, it has been concluded that multiple retinal isomerizations occur in parallel in ChRs. Both all-trans,15-anti retinal and 13-cis,15-syn retinal stabilize a salt bridge between the RSB and the counterion complex, thereby favoring closed channel conformations, but both 13-cis,15-anti retinal and alltrans,15-syn retinal may evoke formation of the conducting states (53, 59, 70) . The corresponding photocycles imply the photoconversion of all-trans,15-anti retinal to 13-cis,15-anti retinal, as well as that of 13-cis,15-syn retinal to all-trans,15-syn retinal, whereas the transition between the two cycles was proposed to occur during population of late photocycle intermediate states (P480); however, this hypothesis has never been experimentally verified (Figure 2a) (59) . The two retinal conformations of the open channel states might be linked to the two conductive states with different ion selectivities, as observed in electrical measurements (see Figure 3c ,d and the section titled "Electrophysiological Reaction Schemes") (6, 63) . 
Color Tuning in Channelrhodopsins
The naturally occurring ChRs studied thus far exhibit action spectrum maxima between 436 nm (ChR from Tetraselmis striata) and 590 nm (Chrimson from Chlamydomonas noctigama) (33) . The palette of color-tuned ChRs is supplemented by chimeric ChRs that combine helices from different ChRs, as summarized in Figure 2b and Table 1 . In general, retinal absorption depends on the conformation of the retinal (e.g., nonplanarity), electrical interactions of the RSBH + with the counterion complex, and other electrostatic interactions that either stabilize or destabilize the ground state or excited states (2, 41) . Characterization of different ChR chimera showed that H7 is a major determinant for the wavelength sensitivity of ChR activation (57, 76) because the exact localization of the RSB lysine (K257 of ChR2) defines both the direct intrahelical interactions with Ci2 and interhelical interactions of the RSBH + with Ci1. Moreover, H7 may determine the number and position of water molecules along the channel pore, thereby indirectly influencing counterion arrangement. Most obvious attempts to color-shift ChR absorption included exchanging the counterion residues to vary the distance and interaction strength between the counterions and the RSBH + . In ChR2 and PsChR, exchanges of Ci1 by glutamine (E123Q and E106Q) lead to bathochromically shifted absorption by 23 and 30 nm, whereas replacements of Ci2 by asparagine (D253N and D236N) induced smaller bathochromic shifts (16 and 14 nm, respectively) (17) . In contrast, mutation of Ci1 in C1V1 (E162T) lead to a hypsochromic shift most likely caused by water invasion into the active site complex in the mutant (57, 81) . Apart from counterion residues, the polarity of amino acids directly interacting with the retinal polyene chain, and with the β-ionone ring in particular, influences retinal geometry and electrostatics. A prominent example is that of the residue at position 181 in ChR2 (Figure 1b) . While all blue-light absorbing ChRs (and MChR) possess a nonpolar glycine residue, the red-shifted ChRs VChR1 (and its derivatives) and Chrimson have a polar serine residue at the corresponding position. Accordingly, C1C2 G220S is red shifted by 13 nm (F. Schneider, unpublished data), and C1V1 S220G shows a 12-nm blue shift (57) . Although the retinal-binding pocket is the most important contributor to color tuning in ChRs, long-range interactions within the protein can also modulate the absorption spectrum, most likely by indirectly influencing the geometry of the counterion complex (the active site). A glutamate residue found in ChR1 (E87), PsChR1, VChR1, DChR1, and related ChRs causes bathochromic shifts upon acidification of the extracellular solution, whereas a comparable spectral shift is not present in ChR2 (17, 73) . Mutation of this residue to an uncharged glutamine stabilizes the red-shifted form in ChR1-like ChRs. Because C1C2 E87 is more than 20 Å away from the RSB nitrogen, this effect can only be explained by secondary conformational changes in the protein.
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CHANNELRHODOPSIN PHOTOCURRENT PROPERTIES
ChR photocurrents have been intensively characterized by electrical recordings from ChRexpressing Xenopus oocytes and HEK cells, mainly under voltage-clamp conditions. At negative voltages (−60 mV), cells expressing ChR exhibit inward-directed photocurrents carried by protons and cations (Figure 3a) . Excitation of ChR1 and ChR2 with bright light pulses evokes photocurrent rise with time constants of approximately 200 μs, and the maximum of the early peak currents I p is reached within 1-2 ms (4, 73). I p decreases to a stationary current I s in a process referred to as inactivation. This transition is caused by channel desensitization through equilibration of two open states (see the section titled "Electrophysiological Reaction Schemes" below) and by the accumulation of late nonconducting photocycle intermediates (P480 and P480 ) (6, 48) . After light application, currents decline biexponentially to baseline, emphasizing the presence of at least two conducting states that contribute to I s (23, 51) . In ChR2, channel closure shows effective time constants of 10 to 20 ms. Repetitive ChR activation starts from partially dark-adapted ChRs, resulting in reduced peak currents, and the initial peak amplitude is only regained after a dark period of several seconds (23, 48) (Figure 3b) . All kinetic parameters strongly depend on experimental conditions such as voltage, pH, and the quality of the actinic light (23, 48) .
Electrophysiological Reaction Schemes
Analogous to photocycle models based on spectroscopic findings, electrophysiological reaction schemes were developed to quantitatively describe photocurrent properties. The challenge was to develop consistent models that account for (a) the fast closure of the channel after either a single flash or a longer light pulse, (b) the slow recovery of the transient peak current in the range of seconds, and (c) the existence of two conducting states with different selectivities (see below). Three-state models comprising a closed state (C), an open state (O), and a desensitized state (D) were employed to explain channel inactivation and the recovery kinetics of the peak current (Figure 3c, upper row) (15, 48, 50) . These models imply a second light-dependent step in the reaction scheme, such that light either induces photoactivation of the D state with reduced efficiency or accelerates the reverse reaction from D to C (15, 50) . However, all three-state models failed to reproduce both the biexponential off-kinetics of the channel current and alterations of selectivity between early and late photocurrents. Moreover, a simple four-state model implying two consecutive open states, O1 and O2 (Figure 3c , bottom left), could not explain both fast channel closure and slow recovery kinetics of the peak current. Only by employing a four-state model with two closed and two open states (C1, C2, O1, and O2), could the channel kinetics and dark recovery of I p be properly modeled (Figure 3c, bottom right) (23, 51) . Dark-adapted ChR molecules reside in the C1 state, which is photoconverted to O1 upon light excitation. During prolonged illumination, O1 and O2 equilibrate within milliseconds and eventually convert to their respective closed states, C1 and C2, whereas the C2-to-C1 back conversion needs two to ten seconds of darkness 2 (51) . The C1-to-O1 photoactivation exhibits high quantum efficiency, and O1 shows high conductivity but is rather short-lived (51) . Inversely, the C2-to-O2 conversion is proposed to be less effective, and O2 is less conductive but is long lived (51) . Furthermore, one study of the ChR2 C128T mutant showed that the different dark-adapted states and their respective open states are populated depending on the color and duration of the preceding illumination (59) . Thus, the conductivity of ChRs is adapted according to the color, duration, and intensity of the applied light (23, 51) .
Ion Selectivity
Although all ChRs primarily conduct protons, they also conduct monovalent cations, and to some extent divalent cations, especially under physiological conditions of low proton concentration. The following relative conductivities have been determined for ChR1, ChR2, VChR1, and VChR2: (6, 15, 39, 48, 63, 73, 82) . Given the reversal potentials of ChR2, the relative proton conductance has been estimated to be 10 5 -10 6 times higher than the Na + conductivity, whereas the Ca 2+ conductance was calculated to be ∼12% of the Na + conductance (39, 48) . In a solution containing different cations (e.g., a standard extracellular solution containing H + , Na + , Ca 2+ , and Mg 2+ ), all cations present compete for binding and transport in a voltage-and pH-dependent fashion. Thus, for example, Na + currents are larger at pH 9.0 than they are in the presence of competing H + at pH 7.0 (20, 63) .
Studies have shown that when recording photocurrents close to the reversal potential, the early photocurrent I 0 and the stationary current I s can exhibit different directionalities of cation flow (e.g., inward-directed I 0 and outward-directed I s ) (Figure 4d ). These differences in directionality most impressively demonstrate the different reversal voltages and distinct cation selectivities of I 0 and I s (6, 63) . An enzyme kinetics model was used to quantitatively describe ChR-mediated cation transport via two open states (20, 63) . The initial current, I 0 , reflects conductance via only the first open state, O1, whereas the stationary photocurrent, I s , is fed by the conductances of both open states, O1 and O2 (63) . The model further implies competition between four different cationic substrates for binding to an empty binding site of the protein (63) . After loading, the binding site switches from an external exposure to an internal exposure, thereby transporting cations to the other side of the membrane. Subsequently, the cation is released and the empty binding site can reorient. After independent determination of the binding affinities for H + and for all relevant cations, photocurrents can be dissected to understand the contributions of competing cations at a given experimental condition. The peculiar difficulty is that the competition between ions significantly depends on the applied voltage; therefore, the relative conductances cannot be determined from reversal voltages as formalized by the Goldmann-Hodgkin-Katz equation. For ChR2 at a high Na + concentration, pH e 7.2, and −60 mV, the initial current, I 0 , is driven mainly by protons, with a minor contribution from Na + (33%), whereas the stationary current, I s , shows higher relative Na + currents (48%) (63 
Putative Selectivity Filter
Highly selective channels, such as K + channels or Na + channels, contain so-called selectivity filters that determine the kind of transported ions. These selectivity filters represent the narrowest part of the ion-conducting pathway and adopt conserved symmetric structures that specifically bind only one ion species, for example, by mimicking the hydration shell of the respective ion (12) . Although ChRs naturally occur as dimeric proteins, the ion-conducting pathway is located between H1, H2, H3, and H7 of each monomer (for details, see the section titled "Ion Permeation Pathway"), so no symmetric selectivity filter is found (31 Helix 2 (H2)-tilt (HT) model for ChR2 activation. The numbered panels on the left depict the three steps required for ChR2 pore formation: photon absorption and retinal isomerization; disruption of the E3-N258 hydrogen bond and deprotonation and downflip of E3; and outward movement of H2, disconnection of hydrogen bonds at the inner gate, and continuous pore formation. Blue spheres depict water molecules, white spheres depict Na + ions, and dark blue bars reflect closed gates or barriers in the protein. The inset on the right highlights important residues involved in pore formation. The DC pair is composed of C128 and D156 at the active site; however, its role in channel activation remains to be investigated. The ChR2 structure was gained by homology modeling using the C1C2 crystal structure as a template (31) . The gray wireframe depicts cavities in which water molecules and cations may reside in dark-adapted ChR2. Hydrogen bonds depicted in this panel are drawn according to Reference 36. cations with various atomic radii (e.g., Li
+ versus Cs + ), arguing against a defined binding site for a specific cation. Most likely, ChRs mediate cation flux via a water-filled pore without complete dehydration of the transported ions.
Several key elements have been identified to regulate cation selectivity in ChRs. Most importantly, ChR2 S63, E90, and N258 of the central gate (Figure 1e) are critical determinants. The introduction of a second negative charge into the central gate region, as, for example, in ChR2 S63D or N258D, favors the transport of divalent cations (31, 55) . Mutations of ChR2 E90 result in different ion selectivities depending on the character of the introduced residue. In contrast to ChR2 E90Q and E90A, which show strongly reduced proton selectivity with only minor shifts in (13, 20, 61) . The ion selectivity of ChR2 E90K has long been a mystery. At acidic pH, the mutant shows strongly enhanced inward currents; however, outward currents are also stimulated, and the reversal voltage does not change between pH 4.0 and pH 9.0 (13, 61) . In fact, the introduction of a lysine or arginine residue with a net charge of +1 into the central gate inverts the ChR2 ion selectivity to select monovalent anions with high Cl − conductance when this ion is available as a substrate (ChloC) (79) . However, a Cl − -conducting channel has also been achieved by sequentially modeling the conducting pore, which has a negatively charged surface, into one that has a more positive surface (iC1C2) (5) . Both of the Cl − -conducting ChRs, ChloC and iC1C2, exhibit only minor H + conductance and negligible cation conductance.
The counterion residues Ci1 and Ci2 indirectly affect ion selectivity, as they are located close to the central gate but oriented toward the RSB. ChR2 E123A conducts mainly protons, consistent with increased H + /Na + ratios in homologous C1C2 E162A and D292A (20, 31) . Interestingly, DChR naturally contains an alanine at the Ci1 position (A178) and is itself proton selective (83) . ChR2 K93 (K1) was proposed to be directly hydrogen-bonded to Ci1 from the extracellular site (Figure 4 , right) and to form a hydrogen bond with Ci2 via an interjacent water molecule (28) . Substitution of K1 with alanine in C1C2 increases the ratio of H + /Na + conductance (31), possibly by favoring protonation of the counterion residues or by reorienting central gate residues such as E3.
MD simulations for ChR2 visualize two preferential Na + occupancies (see the section titled "Ion Permeation Pathway") (78) . One occupancy site is located extracellular to the central gate, implying the involvement of S52, Q56, and E4 (Figure 1f ) . But, this assignment is questionable because S52 is not conserved, and only replacement of Q56 results in enhanced selectivity for H + and K + (31), whereas E4 exchange to alanine does not alter cation selectivity (71) . A second Na + binding site is formed by E1, E2, H134, H265, and R268, residues that are close to or part of the inner gate (78) . Of these residues, only H134 is crucial for selectivity (20) . H134R, H134S, and H134N mutants show photocurrents carried by Na + that are strongly inhibited by both intracellular and extracellular H + . This inhibition is explained by inefficient proton release on the cytosolic side. The nearby residue ChR2 L132 faces away from the inner gate, but its replacement in ChR2 L132C, also referred to as CatCh, indirectly influences cation binding, resulting in a 1.6-fold increase in Ca 2+ selectivity, enlarged Mg 2+ conductance, and high stationary currents (34, 57, 63) .
Voltage Dependence
The electrophysiological characterization of ChRs is usually performed under voltage-clamp conditions; however, ChR activation in green algae or neurons rapidly depolarizes the membrane. This depolarization changes the properties of the channel because ChRs are highly voltage sensitive and exhibit inward rectification, voltage-dependent cation selectivity, and voltage-modulated photocycle kinetics (80) .
ChRs display asymmetric current-voltage relations in which inward currents are stronger than outward currents (inward rectification) (Figure 3a) . In inward-rectifying K + channels, cytosolic Mg 2+ causes inward rectification by blocking channel activity in a voltage-dependent manner. In contrast, variations in the internal Mg 2+ concentration in ChRs do not affect current sizes, reversal potentials, or the shapes of current-voltage relationships, so Mg 2+ can be excluded as a potential source of inward rectification (20 and cations compete for one predominant external binding site (20) . Accordingly, rectification is small in ChR mutants that preferentially conduct either H + , Na + , or Cl − , such as the H + -selective E90H mutant or the Cl − -selective ChloC (20, 79) . Interestingly, inward rectification is reduced upon mutating selected inner gate residues (ChR2 Y70, E1, and E2) ( J. Wietek, unpublished results). Thus, charged and polar inner gate residues might be part of the inherent voltage sensor of ChR that reorients in a manner dependent on the applied membrane voltage.
The current transport model implies voltage-sensitive rate constants, and the apparent voltage is determined using an elastic voltage-divider (20) . In fact, ChR cation selectivity and thus the ratio of the conducted ions depend on the membrane voltage (63) . At negative voltages (e.g., −60 mV), the stationary currents of selected ChRs (ChR2, C1V1, CatCh + ) are mediated primarily by Na + transport, whereas the initial current, I 0 , is driven mainly by protons (63) . In contrast, when considering reversal potentials, stationary currents show higher proton selectivity than do their respective initial currents (6, 63) . Together, these findings demonstrate that ChR cation selectivity differs between conditions that are close to thermodynamic equilibrium and conditions in which high electrochemical gradients produce strong unidirectional driving forces. The voltage-sensitive cation selectivity of early and late photocurrents may also explain the voltage-dependent degree of photocurrent inactivation. Whereas voltage-dependent steps in the ChR photocycle are difficult to analyze by spectroscopic means, the voltage dependence of channel opening, closing, and recovery kinetics has been determined in electrophysiological measurements. Channel opening occurs within ∼200 μs as described for ChR1, ChR2, and a Volvox ChR chimera, and it shows little to no voltage dependence (4, 7, 15, 73) . In contrast, ChR2 and ChR2 mutants (ChR2 H134R, ChR2 T159C) exhibit channel closing rates that are accelerated twofold to threefold at negative membrane voltages (−100 mV) compared with positive voltages (+50 or +80 mV) (4, 7) . Similarly, in ChR2 and C1V1, the kinetics of peak recovery were shown to be threefold to fourfold faster at negative voltages than at positive voltages (48, 57) . Mutation of ChR2 Ci1 to threonine results in fast, voltage-independent channel closing and in remarkably fast recovery kinetics (7, 21) . Therefore, the counterion residue and its interaction partners, including ChR2 E3 and K1, which are involved in voltage-dependent protonation reactions, reorganization of the hydrogen network, or conformational changes, modulate channel closure and recovery of the dark-adapted state. Chronos, a ChR from Stigeoclonium helveticum, displays very fast photocycle kinetics (33) . Most interestingly, Chronos exhibits inverse off-kinetics voltage-dependence: It displays faster channel closing at positive voltages (33) . In the Chronos primary sequence, the residues corresponding to ChR2 Ci1 and T159 are replaced by methionine (M140) and asparagine (N176), respectively. To fully understand voltage sensing in ChRs, however, further structural information on photointermediates, and on the conducting states specifically, is urgently needed.
THE HELIX 2 (H2)-TILT MODEL FOR CHANNELRHODOPSIN ACTIVATION
Structural information, detailed electrical measurements, and time-resolved Fourier transform infrared (FTIR) and electron paramagnetic resonance (EPR) measurements, in combination with MD calculations, resulted in the following model for ChR activation (Figure 4) . All-trans to 13-cis isomerization induces the movement of N258, which is next to the retinal-binding residue K257 (36) . This movement is in agreement with early backbone conformational changes observed after a femtosecond flash on a picosecond timescale (49) . The next early event is the disruption of one of the two hydrogen bonds between N258 and E90 (E3); this disruption causes a special rearrangement of H2 and H7 and induces an outward flip, as well as deprotonation of E3 itself (36) . The tilt of H2 in the MD simulations agrees with the light-induced movement of spinlabeled cysteines on H2 and H7, as measured by EPR of selected spin-labeled cysteines (35, 62) . The outward orientation of E3 opens up a small pore, and water molecules invade from the extracellular site into the vestibule between the inner gate and the outer gate, resulting in the formation of the preopen state (36) . Subsequently, only small conformational changes and proton-transfer reactions at the inner gate appear to be important for the transition from the preopen state to the fully open state (59) . These conformational changes might involve separation of the salt bridges E1/R268 and E2/H134 (Figure 1d and Figure 4) . As both glutamic acids are deprotonated before and after separation, however, reorientation at the inner gate is expected to be almost infrared silent, and has not been seen in time-resolved FTIR measurements thus far. Notably, a very recent electron microscopy study confirmed light-induced rearrangements of H2, H6, and H7 and suggested that H2 and H7 become more flexible after illumination (47) . This observation is consistent with disruption of the interconnecting hydrogen bonds of both the central gate and the inner gate (E3/N258, E1/R268 and E2/H134).
To fully understand ChR gating, we need to accommodate the DC pair C128/D156. Modifications in these residues dramatically slow down the photocycle from milliseconds to minutes (3, 8, 81) . The connection between H3 and H4 is important, as shown for the homologs T90/D115 in BR (16) ; however, the detailed functionality of the DC pair for ChR activation is not yet clear.
APPLICATIONS OF CHANNELRHODOPSINS
ChRs are most commonly used to depolarize the plasma membranes of excitable cells, thereby either directly activating cellular activity such as action potential firing or reducing the threshold for such events (10, 27) . In fact, different ChR variants should be considered for the activation of different target cell types; for example, a fast ChR with voltage-independent off-kinetics, such as a ChETA mutant, would be most suited to eliciting action potentials in fast-spiking interneurons (7, 21) . In contrast, a ChR exhibiting moderate photocycling kinetics and moderate current inactivation, as seen in ChR2 H134R, might be the preferred option to optogenetically mimic the action potential of a cardiomyocyte (80) . Moreover, bistable SFRs are the best choice for the prolonged induction of subthreshold depolarization without continuous illumination (3, 8) .
ChRs might also be used to alter cation distributions along both plasma membranes and intracellular membranes. Although ChRs in general are not highly selective for a single cation species, the ionic photocurrent composition differs between different ChRs and should be taken into account when choosing an appropriate ChR variant (63) . For example, the Catch + mutant is probably the best-suited variant for triggering Ca 2+ influx into the cytosol from intracellular stores because its Ca 2+ conductance is high at high Ca 2+ concentrations (57, 63) . Two recently developed ChRs, ChloC and iC1C2, represent anion-selective ChRs that can be used to clamp the voltage to the reversal potential for Cl − , thereby suppressing action potential firing (5, 79). Color-tuned ChRs enable independent activation of distinct cellular populations and allow ChRs to be used in combination with fluorescent sensor proteins. Furthermore, the improved ensemble of orange-and red-light activated ChRs, including ReachR and Chrimson, allows for ChR activation in intact tissues and organs, owing to reduced absorption and scattering of red light in living tissue (33, 38) . Alternatively, ChRs that exhibit an elevated two-photon absorption crosssection, such as C1V1, can be employed for two-photon activation with near-infrared light (56) .
ChR properties to consider include unitary conductance, retinal binding affinity, and protein stability. Moreover, properties that strongly depend on the target cells, such as expression level and membrane targeting, are of serious and equal importance, and these should be individually tested for each ChR variant and cell type, respectively. Finally, to help users choose a ChR variant 
Step-function rhodopsins (ChR2 C128A/S/T; ChR2 D156A/C/N) with appropriate biophysical properties, Table 2 summarizes the most useful and most commonly applied ChR variants for optogenetic applications.
FUTURE ISSUES
1. 3D structures of different states as they occur during the cyclic reaction pathway (photocycle) and structures of the open state(s) are most urgently needed.
2. Visualization of proton dynamics including structural changes and proton transfer reactions using nuclear magnetic resonance (NMR).
3. Extension of the activation model by stepwise inclusion of structural changes, water dynamics, and proton-transfer steps.
4. Further improvement of the chloride-conducting channels and the possible generation of Na + and K + -selective ChRs.
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